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INTRODUCTION 

Dendritic cells (DC) are professional anti- 
gen presenting cells (APCs) that play a 
pivotal role in the induction and reg- 
ulation of immune responses, including 
the induction of cytotoxic T lympho- 
cyte (CTL) responses. They are an impor- 
tant focus for the development of vac- 
cines against cancers and many pathogens, 
including HIV and malaria, where CTL 
responses are required for protection and 
disease eradication. DC loaded ex vivo with 
tumor antigen (Ag) have been adminis- 
tered as vaccines to cancer patients for 
over 15 years. They are well-tolerated and 
induce immune responses, including some 
clinical regressions, but there is clearly 
room for improvement (1). The DC net- 
work in both mice and humans is hetero- 
geneous, with specialized DC subsets dri- 
ving specific immune functions (2). New 
developments in our understanding of DC 
biology have identified a subset of DC char- 
acterized by the expression of novel mark- 
ers CLEC9A (DNGR-1) (3, 4) and XCR1 
(5, 6) as being important for the induction 
of CTL responses (7). Vaccine strategies 
that deliver Ag and activators directly to 
CLEC9A+XCR1+ DC in vivo promise to 
overcome many of the logistical issues asso- 
ciated with in vit ro-derived vaccines, allow- 
ing precision and specificity of the desired 
immune response (8). Here, we discuss the 
biological properties of CLEC9A+XCR1+ 
DC that make them such attractive tar- 
gets for CTL vaccines and new vaccine 
approaches to target them in vivo. 



CLEC9A+XCR1+ DC ARE ESSENTIAL 
FOR CTL INDUCTION 

The emerging complexity of the DC net- 
work and the optimal DC subset to tar- 
get is the first important consideration for 
the design of new vaccines that target DC 
in vivo. In human and mouse, multiple DC 
subsets exist that vary in location, pheno- 
type, and specialized function ( 2 ) . They can 
be broadly classified as (i) inflammatory 
monocyte-derived (Mo) DC that develop 
from monocytes and are rapidly recruited 
to sites of inflammation; (ii) plasmacytoid 
DC (pDC) that are major producers of type 
I interferons (IFN) in response to TLR 7/9 
ligation and are key for anti-viral immu- 
nity; and (iii) conventional DC (cDC) that 
can be further divided based on loca- 
tion into "lymphoid-resident" and "migra- 
tory" DC (2). The lymphoid-resident DC 
capture Ag directly in lymphoid tissues, 
whereas the migratory DC reside in the 
peripheral organs (e.g. lung, skin, and gut) 
where they capture Ag then migrate to 
lymphoid tissues to share their Ag with 
other lymphoid-resident DC, or present 
Ag directly to T cells. In both locations, 
cDC can be further segregated into sub- 
sets with specialized functions. Increasing 
evidence points to a role for the mouse 
CDllb + cDC subset in the induction of 
CD4+ T cell responses although a simi- 
lar role for the equivalent human CDlc+ 
DC subset has not yet been established (2, 
9). However, it is the subset defined by 
expression of the C-type lectin-like recep- 
tor, CLEC9A, and the chemokine receptor, 



XCR1, that is crucial for the induction of 
CTL responses against cancers, viruses, and 
other pathogenic infections (2, 7). 

CLEC9A+XCR1+ DC were originally 
identified in mice by expression of the 
markers CD8a on lymphoid-resident DC 
or CD 103 on migratory DC and are com- 
monly referred to as CD8a + lymphoid 
and CD103+ migratory DC. In humans, 
CLEC9A+XCR1+ DC, commonly referred 
to as CD141+ DC, are found in both lym- 
phoid and non-lymphoid tissues, includ- 
ing skin, gut, liver, and lungs (6, 10- 
13). CLEC9A and XCR1 are exclusively 
expressed by this unique DC subset in lym- 
phoid and non-lymphoid tissues of both 
species, with the exception of low levels 
of expression of Clec9A by mouse pDC. 
As these markers combined are currently 
the most specific means of defining these 
DC in both species, we hereafter refer to 
them as CLEC9A+XCR1+ DC. In addi- 
tion to CLEC9A and XCR1, these DC share 
expression of the nectin-like protein, Necl2 
(14) and TLR3, and are major producers 
of IFN-X after TLR3 ligation (15). Impor- 
tantly, they excel at cross-presentation, the 
mechanism that allows exogenous Ag, such 
as that captured from tumors and virally 
infected cells to be processed and presented 
on MHC I for recognition by CTLs (16). 

WHAT MAKES CLEC9A+XCR1+ DC SO 
EFFECTIVE AT CTL PRIMING? 

Although other cell types, including 
macrophages, B cells, and other DC sub- 
sets, can cross-present under particular 
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circumstances in vitro (17-20), there is 
substantial evidence to demonstrate that 
CLEC9A+XCR1+ DC are inherently more 
efficient at this process in vitro and in vivo 
(6, 7, 10, 11, 16). The precise molecu- 
lar mechanisms are not understood but 
extensive efforts have yet to reveal special- 
ized cross-presentation machinery unique 
to CLEC9A+XCR1+ DC (16). However, 
there are several features of these DC that 
collectively explain their superior cross- 
priming ability despite a similar Ag uptake 
capacity compared with other DC subsets. 
Firstly, CLEC9A+XCR1+ DC maintain a 
less acidic pH in endosomes and phago- 
somes, favoring cross-presentation from 
early endocytic vesicles (21), and facilitat- 
ing cross-presentation of Ag targeted to 
late endosomes/lysosomes (20, 22). Sec- 
ondly, CLEC9A+XCR1+ DC are more effi- 
cient at translocation of Ag from endo- 
somes/phagosomes into the cytosol for 
access to the classical MHC I processing 
pathway (23). Thirdly, CLEC9A, a receptor 
for actin filaments exposed on dead cells, 
plays a key role in delivering Ag captured 
from dead cell for cross-priming (24-27). 
Fourthly, CLEC9A+XCR1+ DC express 
high levels of TLR3, a known enhancer 
of cross-priming (28). Finally, consti- 
tutive activation of unfolded-protein- 
response sensor, IRE- la, and the tran- 
scription factor XBP- 1 was recently shown 
to regulate cross-presentation specifically 
by CLEC9A+XCR1+ DC (29). There 
is also evidence that XCR1 and Necl2 
are involved in CTL activation, although 
not directly via augmenting the cross- 
presentation pathway (5, 6, 14). These fea- 
tures provide a strong rationale to develop 
technologies that specifically deliver Ag 
to the cross-presentation pathway of 
CLEC9A+XCR1+DC in vivo. 

TARGETING CLEC9A+XCR1+DC IN VIVO 

Antibodies (Ab) specific for DC surface 
receptors, particularly Ag uptake receptors, 
can be harnessed to deliver Ag directly to 
DC in vivo (30). The choice of receptor 
depends on its specificity for the DC sub- 
set to be targeted in addition to the Ag 
processing and presentation pathway used 
by the receptor following internalization. 
A variety of C-type lectin receptors (CLR) 
have been exploited for this purpose, and 
this is reviewed elsewhere (1, 30) but for 
delivering Ag to CLEC9A+XCR1+ DC in 



mice, DEC-205 has been a major focus. 
Delivery of Ag via DEC-205 Ab induces 
both CD4+ and CD8+ T cell responses 
in the presence of adjuvant and is supe- 
rior to ex vivo loaded DC vaccines at pre- 
venting tumor growth [reviewed elsewhere 
(31)]. Phase I/II clinical trials targeting 
NY-ESO-1 Ag for treatment of multiple 
solid malignancies expressing this Ag are 
in progress utilizing CDX-1401, a fully 
humanized Ab against DEC-205 (CellDex 
Therapeutics). In humans, DEC-205 is 
widely expressed on all DC, in addition 
to B cells, T cells, and NK cells. Although 
CLEC9A+XCR1+ DC, CDlc+ DC, pDC, 
and MoDC have been shown to process and 
present Ag delivered by DEC-205 to CD4+ 
and CD8+ T cells in vitro (20, 31-33), lim- 
ited direct comparisons suggest CLEC9A + 
XCR1 + DC to be more effective at cross- 
presentation (20). This is likely due to 
the preferential trafficking of DEC-205 to 
late endosomes, which typically favors Ag 
processing via the MHC II pathway (34), 
whilst still allowing cross-presentation by 
CLEC9A+XCR1+ DC (20). 

An attractive approach is to more specif- 
ically deliver Ag to CLEC9A+XCR1+ DC 
using Ab or ligands specific for CLEC9A (3, 
4) or XCR1 (35). Studies utilizing Clec9A 
for Ag delivery in mice observe effective 
CD8+ T cell responses and, surprisingly, 
superior CD4+ T cell immunity when 
directly compared to DEC-205, even in the 
absence of adjuvant (3, 4, 36). Key reasons 
for the efficacy of targeting Clec9A include 
its intracellular trafficking, as Clec9A deliv- 
ers Ag to early and recycling endosomes 
(27), and the persistence of anti-Clec9A 
Ab in serum, resulting in prolonged Ag 
presentation (36). Determining the mol- 
ecular interactions of CLEC9A following 
internalization and how this influences Ag 
trafficking and processing, will undoubt- 
edly shed light on the basis for Clec9A 
targeting efficacy. 

Anti-human CLEC9A Ab can deliver 
Ag to human CLEC9A+XCR1+ DC for 
processing and presentation to both 
CD4+ and CD8+ T cell lines in vitro 
(37). This provides proof-of-principle and 
a strong rationale to further develop 
anti-human CLEC9A Ab for vaccines 
and more comprehensively compare with 
DEC-205 Ab and other approaches that 
target multiple DC subsets. Such studies 
have been limited due to difficulties in 



obtaining sufficient numbers of human 
CLEC9A+XCR1+ DC for detailed func- 
tional analysis, but are now feasible 
with the development of new humanized 
mouse models, where functional human 
CLEC9A+XCR1+ DC develop and can be 
targeted with CLEC9A or DEC-205 Abs 
in vivo (38). 

ADJUVANTS FOR ACTIVATION OF 
CLEC9A+XCR1+DC 

Early DC clinical trials and mouse stud- 
ies investigating Clec9A or DEC-205 tar- 
geting Ab have clearly demonstrated a 
requirement for DC activation in order 
to induce optimal CTL responses (31, 
39). TLR ligands are some of the most 
promising adjuvants currently being eval- 
uated in the clinic and differential expres- 
sion of TLR by DC subsets could pro- 
foundly affect the choice of adjuvant. 
This is a particularly important consid- 
eration for the preclinical evaluation of 
vaccines targeting CLEC9A+XCR1+ DC 
since TLR expression varies in mouse and 
human DC subsets. The TLR9 ligand, CpG, 
has been widely used as an adjuvant in 
mice, including with Clec9A Ab (36) and 
has been evaluated clinically, with lim- 
ited adverse effects, as an adjuvant in can- 
cer chemotherapy and ex vivo DC vac- 
cines (40). Whilst TLR9 is widely expressed 
in mice, including by CLEC9A+XCR1+ 
DC, in humans it is restricted to pDCs 
(39). However, activation of human pDC 
by CpG induces large amounts of type 
I IFN that could potentially play an 
important bystander function for activa- 
tion of CLEC9A+XCR1+ DC and subse- 
quent induction of anti-tumor responses 
(41, 42). In contrast to their mouse coun- 
terparts, human CLEC9A+XCR1+ DC also 
lack expression of TLR4 but express TLR8, 
which is not functional in mice (39). 

A TLR7/8 ligand, R848 or resiquimod, 
has been FDA approved for topical use 
and is currently undergoing clinical trials 
with DEC-205 (CDX-1401, CellDex) (43). 
It also activates CDlc + DC via TLR8 and 
pDC via TLR7. Its potential to be used in 
vaccines remains to be determined, with 
murine studies indicating that its short 
half-life and formulation may not be ideal 
for activating DC locally to initiate adap- 
tive immune responses, and it has been 
implicated in severe side effects observed 
in clinical trials (43). 
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The TLR3 ligand, polyLC, is emerg- 
ing as an attractive adjuvant to combine 
with DC targeting Ab, as TLR3 expres- 
sion is conserved across human and mouse 
CLEC9A+XCR1+ DC. PolyLC was found 
to be the optimal adjuvant to use in combi- 
nation with DEC-205 targeting Ab in mice 
(44). The poly I:C derivatives Hiltonol and 
Ampligen are well- tolerated in humans and 
induce a type I IFN response mimicking 
that of a viral infection (45). These are now 
being evaluated in clinical trials in conjunc- 
tion with DEC-205 targeting Ab (CellDex 
Therapeutics; NCT00948961). 

CONCLUSION 

There remains a great need for the develop- 
ment of vaccines that elicit effective anti- 
viral and anti-tumor CTL responses. The 
discovery of the CLEC9A+XCR1+DC in 
mice and humans, as a subset special- 
ized for Ag cross-presentation and cross- 
priming CTL, has revealed promising new 
avenues for vaccine design. Yet, the contri- 
bution of other DC subsets to the efficacy of 
this process is still to be determined. Thus, 
the questions remain: is it more effective to 
deliver Ag to the CLEC9A+XCR1+DC that 
are best-equipped for cross-presentation, 
or will co-delivery to other DC sub- 
sets provide help? Which receptors will 
best deliver the Ag to the required intra- 
cellular compartments, and which adju- 
vants will best enhance immune responses? 
Studies to date suggest that targeting 
CLEC9A+XCR1+ DC in vivo, together 
with adjuvants to specifically activate these 
DC, offers great promise. The advancement 
of humanized mouse models allowing for 
development of CLEC9A+XCR1+ DC and 
other DC subsets, will enable these and 
other questions to be answered, and facili- 
tate translation from bench to bed-side. 

ACKNOWLEDGMENTS 

Mireille H. Lahoud and Kristen J. Rad- 
ford are supported by project grants from 
the National Health and Medical Research 
Council of Australia (NHMRC 604306 and 
1025201) and the Prostate Cancer Founda- 
tion of Australia (PG21 10). Kristen J. Rad- 
ford holds a NHMRC CDF level 2 fellow- 
ship. Kirsteen M. Tullett is the recipient of 
a University of Queensland International 
PhD Scholarship. This work was made pos- 
sible through Victorian State Government 
Operational Infrastructure Support and 



Australian Government NHMRC Indepen- 
dent Research Institute Infrastructure Sup- 
port Scheme. 

REFERENCES 

1. Radford KJ, Tullett KM, Lahoud MH. Den- 
dritic cells and cancer immunotherapy. Curr 
Opin Immunol (2014) 27C:26-32. doi:10.1016/j. 
coi.2014.01.005 

2. Merad M, Sathe P, Helft J, Miller J, Mortha A. 
The dendritic cell lineage: ontogeny and func- 
tion of dendritic cells and their subsets in the 
steady state and the inflamed setting. Annu 
Rev Immunol (2013) 31:563-604. doi:10.1146/ 
annurev- immunol- 02071 1 - 074950 

3. Caminschi I, Proietto AI, Ahmet F, Kitsoulis S, 
Shin Teh J, Lo JC, et al. The dendritic cell subtype- 
restricted C-type lectin Clec9A is a target for vac- 
cine enhancement. Blood (2008) 112(8):3264-73. 
doi:10.1182/blood- 2008-05- 155176 

4. Sancho D, Mourao-Sa D, Joffre OP, Schulz O, 
Rogers NC, Pennington DJ, et al. Tumor ther- 
apy in mice via antigen targeting to a novel, 
DC-restricted C-type lectin. / Clin Invest (2008) 
1 18(6):2098-1 10. doi: 10. 1 172/JCI34584 

5. Dorner BG, Dorner MB, Zhou X, Opitz C, Mora 
A, Guttler S, et al. Selective expression of the 
chemokine receptor XCR1 on cross-presenting 
dendritic cells determines cooperation with CD8+ 
T cells. Immunity (2009) 31(5):823-33. doi:10. 
1016/j.immuni.2009.08.027 

6. Crozat K, Guiton R, Contreras V, Feuillet V, 
Dutertre CA, Ventre E, et al. The XC chemokine 
receptor 1 is a conserved selective marker of mam- 
malian cells homologous to mouse CD8alpha+ 
dendritic cells. J Exp Med (2010) 207(6):1283-92. 
doi: 10. 1 084/jem.20 100223 

7. Hildner K, Edelson BT, Purtha WE, Diamond 
M, Matsushita H, Kohyama M, et al. Batf3 defi- 
ciency reveals a critical role for CD8a+ dendritic 
ells in cytotoxic T cell immunity. Science (2008) 
322: 1097-1 00. doi: 10. 1 126/science. 1 1 64206 

8. Radford KJ, Caminschi I. New generation of 
dendritic cell vaccines. Hum Vaccin Immunother 
(2013) 9(2):259-64. doi:10.4161/hv.22487 

9. Vander Lugt B, Khan AA, Hackney JA, Agrawal 
S, Lesch J, Zhou M, et al. Transcriptional pro- 
gramming of dendritic cells for enhanced MHC 
class II antigen presentation. Nat Immunol (2013) 
15:161-7. doi:10.1038/ni.2795 

10. Jongbloed SL, Kassianos AJ, McDonald KJ, Clark 
GJ, Ju X, Angel CE, et al. Human CD 141+ (BDCA- 
3)+ dendritic cells (DCs) represent a unique 
myeloid DC subset that cross-presents necrotic 
cell antigens. / Exp Med (2010) 207(6):1247-60. 
doi: 10. 1 084/jem.20092 140 

11. Bachem A, Guttler S, Hartung E, Ebstein F, 
Schaefer M, Tannert A, et al. Superior antigen 
cross-presentation and XCR1 expression define 
human CDllc+CD141+ cells as homologues of 
mouse CD8+ dendritic cells. / Exp Med (2010) 
207(6):1273-81.doi:10.1084/jem.20100348 

12. Poulin LF, Salio M, Griessinger E, Anjos-Afonso 
F, Craciun L, Chen JL, et al. Characterization of 
human DNGR-1+ BDCA3+ leukocytes as putative 
equivalents of mouse CD8alpha+ dendritic cells. / 
Exp Med (2010) 207(6):1261-71. doi:10.1084/jem. 
20092618 



13. Haniffa M, Shin A, Bigley V, McGovern N, Teo 
P, See P, et al. Human tissues contain CD141(hi) 
cross-presenting dendritic cells with functional 
homology to mouse CD103(+) nonlymphoid den- 
dritic cells. Immunity (2012) 37(l):60-73. doi:10. 
1016/j.immuni.2012.04.012 

14. Galibert L, Diemer GS, Liu Z, Johnson RS, Smith JL, 
Walzer T, et al. Nectin-like protein 2 defines a sub- 
set of T-cell zone dendritic cells and is a ligand for 
class-I-restricted T-cell-associated molecule. / Biol 
Chem (2005) 280(23):21955-64. doi:10.1074/jbc. 
M502095200 

15. Lauterbach H, Bathke B, Gilles S, Traidl-Hoffmann 
C, Luber CA, Fejer G, et al. Mouse CD8alpha+ 
DCs and human BDCA3+ DCs are major pro- 
ducers of IFN-lambda in response to poly IC. 
J Exp Med (2010) 207(12):2703-17. doi:10.1084/ 
jem.20092720 

16. Joffre OP, Segura E, Savina A, Amigorena S. Cross- 
presentation by dendritic cells. Nat Rev Immunol 

(2012) 12(8):557-69. doi:10.1038/nri3254 

17. Nierkens S, Tel J, Janssen E, Adema GJ. Antigen 
cross-presentation by dendritic cell subsets: one 
general or all sergeants? Trends Immunol (2013) 
34(8):361-70. doi:10.1016/j.it.2013.02.007 

18. Tel J, Sittig SP, Blom RA, Cruz LJ, Schreibelt G, 
Figdor CG, et al. Targeting uptake receptors on 
human plasmacytoid dendritic cells triggers anti- 
gen cross-presentation and robust type I IFN secre- 
tion. 1 Immunol (2013) 191:5005-12. doi:10.4049/ 
jimmunol.1300787 

19. Nizzoli G, Krietsch J, Weick A, Steinfelder S, Fac- 
ciotti F, Gruarin P, et al. Human CDlc+ den- 
dritic cells secrete high levels of IL-12 and 
potently prime cytotoxic T-cell responses. Blood 

(2013) 122(6):932-42. doi:10.1182/blood-2013- 
04-495424 

20. Cohn L, Chatterjee B, Esselborn F, Smed-Sorensen 
A, Nakamura N, Chalouni C, et al. Antigen deliv- 
ery to early endosomes eliminates the superiority 
of human blood BDCA3+ dendritic cells at cross 
presentation. ] Exp Med (2013) 210(5):1049-63. 
doi:10.1084/jem.20121251 

21. Savina A, Peres A, Cebrian I, Carmo N, Moita 
C, Hacohen N, et al. The small GTPase Rac2 
controls phagosomal alkalinization and antigen 
crosspresentation selectively in CD8+ dendritic 
cells. Immunity (2009) 30(4):544-55. doi:10.1016/ 
j.immuni.2009.01.013 

22. Flinsenberg TWH, Compeer EB, Koning D, Klein 
M, Amelung FJ, van Baarle D, et al. Fcg receptor 
antigen targeting potentiates cross-presentation 
by human blood and lymphoid tissue BDCA-3+ 
dendritic cells. Blood (2012) 120:5163-72. doi:10. 
1182/blood-2012-06-434498 

23. Segura E, Albiston AL, Wicks IP, Chai SY, Villadan- 
gos JA. Different cross-presentation pathways in 
steady-state and inflammatory dendritic cells. Proc 
Natl Acad Sci USA (2009) 106(48):20377-81. 
doi:10.1073/pnas.0910295106 

24. Ahrens S, Zelenay S, Sancho D, Hanc P, Kjaer S, Feest 
C, et al. F-Actin is an evolutionarily conserved 
damage-associated molecular pattern recognized 
by DNGR-1, a receptor for dead cells. Immunity 
(2012) 36(4):635-45. doi:10.1016/j.immuni.2012. 
03.008 

25. Sancho D, Joffre OP, Keller AM, Rogers NC, 
Martinez D, Hernanz-Falcon P, et al. Identifica- 
tion of a dendritic cell receptor that couples 



www.frontiersin.org 



May 2014 | Volume 5 | Article 239 | 3 



Tullett et al. 



Harnessing dendritic cells for immunotherapy 



sensing of necrosis to immunity. Nature (2009) 
458(7240):899-903. doi:10.1038/nature07750 

26. Zhang J-G, Czabotar Peter E, Policheni Anto- 
nia N, Caminschi I, San Wan S, Kitsoulis S, 
et al. The dendritic cell receptor Clec9A binds 
damaged cells via exposed actin filaments. Immu- 
nity (2012) 36(4):646-57. doi:10.1016/j.immuni. 
2012.03.009 

27. Zelenay S, Keller AM, Whitney PG, Schraml BU, 
Deddouche S, Rogers NC, et al. The dendritic cell 
receptor DNGR-1 controls endocytic handling of 
necrotic cell antigens to favor cross-priming of 
CTLs in virus-infected mice. / Clin Invest (2012) 
122(5):1615-27. doi:10.1172/JCI60644 

28. Schulz O, Diebold SS, Chen M, Naslund TI, 
Nolte MA, Alexopoulou L, et al. Toll-like recep- 
tor 3 promotes cross-priming to virus-infected 
cells. Nature (2005) 433(7028):887-92. doi:10. 
1038/nature03326 

29. Osorio F, Tavernier SJ, Hoffmann E, Saeys Y, 
Martens L, Vetters J, et al. The unfolded-protein- 
response sensor IRE- 1 alpha regulates the function 
of CD8alpha dendritic cells. Nat Immunol (2014) 
15(3):248-57. doi:10.1038/ni.2808 

30. Kreutz M, Tacken PJ, Figdor CG. Targeting 
dendritic cells - why bother? Blood (2013) 
121:2836-44. doi:10.1182/blood-2012-09-452078 

31. Caminschi I, Maraskovsky E, Heath WR. Target- 
ing dendritic cells in vivo for cancer therapy. Front 
Immunol (2012) 3:13. doi:10.3389/fimmu.2012. 
00013 

32. Tel J, Schreibelt G, Sittig SP, Mathan TS, Buschow 
SI, Cruz LJ, et al. Human plasmacytoid dendritic 
cells efficiently cross-present exogenous Ags to 
CD8+ T cells despite lower Ag uptake than myeloid 
dendritic cell subsets. Blood (2013) 121(3):459-67. 
doi:10.1182/blood-2012-06-435644 

33. Chatterjee B, Smed-Sorensen A, Cohn L, Chalouni 
C, Vandlen R, Lee BC, et al. Internaliza- 
tion and endosomal degradation of receptor- 
bound antigens regulate the efficiency of 
cross presentation by human dendritic cells. 
Blood (2012) 120(10):2011-20. doi:10.1182/ 
blood-2012-01-402370 



34. Mahnke K, Guo M, Lee S, Sepulveda H, Swain SL, 
Nussenzweig MC, et al. The dendritic cell receptor 
for endocytosis, DEC-205, can recycle and enhance 
antigen presentation via major histocompatibil- 
ity complex class II-positive lysosomal compart- 
ments. / Cell Biol (2000) 151(3):673-83. doi:10. 
1083/jcb.l51.3.673 

35. Kroczek RA, Henn V. The role of XCR1 and its lig- 
and XCL1 in antigen cross-presentation by murine 
and human dendritic cells. Front Immunol (2012) 
3:14. doi:10.3389/fimmu.2012.00014 

36. Lahoud MH, Ahmet F, Kitsoulis S, Wan SS, Vremec 
D, Lee CN, et al. Targeting antigen to mouse den- 
dritic cells via Clec9A induces potent CD4 T cell 
responses biased toward a follicular helper phe- 
notype. / Immunol (2011) 187(2):842-50. doi:10. 
4049/jimmunol.ll01176 

37. Schreibelt G, Klinkenberg LJ, Cruz LJ, Tacken PJ, 
Tel J, Kreutz M, et al. The C-type lectin recep- 
tor CLEC9A mediates antigen uptake and (cross- 
)presentation by human blood BDCA3+ myeloid 
dendritic cells. Blood (2012) 1 19( 10):2284-92. doi: 
1 0. 1 182/blood- 20 1 1 - 08- 373944 

38. Ding Y, Wilkinson A, Idris A, Fancke B, O'Keeffe M, 
Khalil D, et al. FLT3-ligand treatment of human- 
ized mice results in the generation of large num- 
bers of CD141+ and CDlc+ dendritic cells in vivo. 
/ Immunol (2014) 192(4):1982-9. doi:10.4049/ 
jimmunol. 1302391 

39. Coffman RL, Sher A, Seder RA. Vaccine adju- 
vants: putting innate immunity to work. Immu- 
nity (2010) 33(4):492-503. doi:10.1016/j.immuni. 
2010.10.002 

40. Badie B, Berlin JM. The future of CpG 
immunotherapy in cancer. Immunotherapy (2012) 
5(l):l-3. doi:10.2217/imt.l2.148 

41. Fuertes MB, Kacha AK, Kline J, Woo SR, Kranz 
DM, Murphy KM, etal. Host type I IFN sig- 
nals are required for antitumor CD8+ T cell 
responses through CD8jalpha)+ dendritic cells. 
J Exp Med (2011) 208(10):2005-16. doi:10.1084/ 
jem.20101159 

42. Diamond MS, Kinder M, Matsushita H, 
Mashayekhi M, Dunn GP, Archambault JM, 



etal. Type I interferon is selectively required 
by dendritic cells for immune rejection of 
tumors. / Exp Med (2011) 208(10):1989-2003. 
doi:10.1084/jem.20101158 

43. Vasilakos JP, Tomai MA. The use of toll-like 
receptor 7/8 agonists as vaccine adjuvants. Expert 
Rev Vaccines (2013) 12(7):809-19. doi:10.1586/ 
14760584.2013.811208 

44. Longhi MP, Trumpfheller C, Idoyaga J, Caskey M, 
Matos I, Kluger C, et al. Dendritic cells require 
a systemic type I interferon response to mature 
and induce CD4+ Thl immunity with poly IC 
as adjuvant. / Exp Med (2009) 206(7):1589-602. 
doi:10.1084/jem.20090247 

45. Caskey M, Lefebvre F, Filali-Mouhim A, Cameron 
MJ, Goulet JP, Haddad EK, et al. Synthetic double- 
stranded RNA induces innate immune responses 
similar to a live viral vaccine in humans. / Exp 
Med (2011) 208(12):2357-66. doi:10.1084/jem. 
20111171 

Conflict of Interest Statement: Mireille H. Lahoud 
and Kirsteen M. Tullett are listed as inventors on patent 
applications relating to Clec9A. Kristen J. Radford has 
no conflicts of interest to report. 

Received: 24 March 2014; paper pending published: 14 
April 2014; accepted: 08 May 2014; published online: 22 
May 2014. 

Citation: Tullett KM, Lahoud MH and Rad- 
ford KJ (2014) Harnessing human cross-presenting 
CLEC9A + XCR1 + dendritic cells for immunotherapy. 
Front. Immunol. 5:239. doi: 10.3389/fimmu.2014.00239 
This article was submitted to Antigen Presenting Cell 
Biology, a section of the journal Frontiers in Immunology. 
Copyright © 2014 Tullett, Lahoud and Radford. This is 
an open-access article distributed under the terms of the 
Creative Commons Attribution License (CC BY). The 
use, distribution or reproduction in other forums is per- 
mitted, provided the original author(s) or licensor are 
credited and that the original publication in this journal 
is cited, in accordance with accepted academic practice. 
No use, distribution or reproduction is permitted which 
does not comply with these terms. 



Frontiers in Immunology | Antigen Presenting Cell Biology 



May 2014 | Volume 5 | Article 239 | 4 



